The human dehydrogenase/reductase SDR family member 4 (DHRS4) is a tetrameric protein that is involved in the metabolism of several aromatic carbonyl compounds, steroids, and bile acids. The only invertebrate DHRS4 that has been characterized to date is that from the model organism Caenorhabditis elegans. We have previously cloned and initially characterized this protein that was recently annotated as DHRS4_CAEEL in the UniProtKB database. Crystallization and X-ray diffraction studies of the full-length DHRS4_CAEEL protein in complex with diacetyl revealed its tetrameric structure and showed that two subunits are connected via an intermolecular disulfide bridge that is formed by N-terminal cysteine residues (Cys5) of each protein chain, which increases the enzymatic activity. A more detailed biochemical and catalytic characterization shows that DHRS4_CAEEL shares some properties with human DHRS4 such as relatively low substrate affinities with aliphatic a-diketones and a preference for aromatic dicarbonyls such as isatin, with a 30-fold lower Km value compared with the human enzyme. Moreover, DHRS4_CAEEL is active with aliphatic aldehydes (e.g. hexanal), while human DHRS4 is not. Dehydrogenase activity with alcohols was only observed with aromatic alcohols. Protein thermal shift assay revealed a stabilizing effect of phosphate buffer that was accompanied by an increase in catalytic activity of more than two-fold. The study of DHRS4 homologs in simple lineages such as C. elegans may contribute to our understanding of the original function of this protein that has been shaped by evolutionary processes in the course of the development from invertebrates to higher mammalian species.
Introduction
The short-chain dehydrogenase/reductase (SDR) superfamily is a large and ancient protein family encompassing currently more than 320 000 annotated members (http://www.sdr-enzymes.org/), from which more than 650 crystal structures have been resolved.
SDRs are found in all three kingdoms of life (Archaea, Bacteria, and Eukarya), indicating their central role in evolutionarily conserved metabolic pathways [1] .
Short-chain dehydrogenase/reductase members are highly divergent in sequence, with low pairwise sequence similarities of only 20-30% between unrelated members. Common to all SDR proteins is the Rossmann-fold that comprises the glycine-rich motif of the coenzyme-binding site (e.g. GxGxG for members of the 'classical' SDRs) and the catalytic tetrad with highly conserved amino acids (Tyr, Lys, Ser, Asn). By contrast, the substrate recognition site, which is located at the C terminus of the SDR protein, is highly variable between individual members, allowing for a broad substrate acceptance.
Carbonyl-reducing enzymes from the SDR superfamily are involved in the metabolism/biosynthesis of endogenous signaling molecules (e.g. steroid hormones, retinoids) as well as in the detoxification of endobiotics (e.g. lipid peroxidation products, a-dicarbonyls) and xenobiotics (e.g. carcinogens, drugs) [2] [3] [4] .
Based on their interaction with many cellular pathways, SDRs have been associated with the pathogenesis of several diseases related to oxidative stress or hormonal imbalance, including cancer, metabolic conditions, and neurodegeneration. Thus, this enzyme family has been increasingly recognized as potential pharmaceutical drug target to treat various diseases.
Dehydrogenase/reductase SDR family member 4 (DHRS4; SDR25C2) is an important human carbonylreducing enzyme with a dual function in the metabolism of endogenous signaling molecules and the detoxification of exogenous carbonyl compounds.
Human DHRS4 preferably reduces aromatic adicarbonyl compounds (e.g. 9,10-phenathrenequinone [9,10-PQ], 1-phenylisatin, benzil), while exhibiting poor catalytic efficiencies toward aliphatic short-chain a-dicarbonyls such as diacetyl (2,3-butanedione), an artificial flavoring compound [5] . Interestingly, human DHRS4 is also involved in steroid metabolism: it has an NADPH-dependent 3-ketosteroid reductase function that catalyzes the stereospecific conversion of 3-keto-C 19 /C 21 -steroids (e.g. 5b-pregnane-3,20-dione) into 3b-hydroxysteroids [5] . Some 3b-hydroxysteroids have been identified as important signaling molecules that mediate diverse physiological effects. For instance, they bind to nuclear receptors such as estrogen receptor b (ERb) and can regulate prostate growth [6] . Further endogenous substrates for human DHRS4 comprise bile acids (dehydrolithocholic acid) and retinoids; however, all-trans-retinal was only a poor substrate and 9-cis-retinal was not reduced by recombinant human DHRS4 [5] . Notably, despite the alternative name 'NADP-retinol dehydrogenase' for DHRS4 suggested by the UniProtKB database (www.uniprot. org), its activity with all-trans-retinol was too low to determine kinetic constants [5] .
Besides its obvious function in normal physiology and protection against xenobiotics, DHRS4 is also an interesting protein from a medical point of view, as splice variants of DHRS4 seem to play a role in the pathogenesis of cervical cancer. The mRNA and protein expression of a truncated DHRS4 variant lacking exon 3 was detected in over 50% of cervical cancer specimens examined, while normal tissue exclusively expressed the full-length protein [7] .
Several mammalian orthologs of the human DHRS4 have been biochemically characterized, including those of mouse [8] , pig [9] , dog [10] and rat [11] . Although the human DHRS4 shares some catalytic properties with other mammalian DHRS4 proteins, striking differences, such as the activity toward all-trans-retinal and the enantio-selective reduction of benzil, indicate a certain degree of catalytic divergence between human and other mammalian DHRS4 enzymes.
The only invertebrate DHRS4 homolog described so far is that of the nematode Caenorhabditis elegans (C. elegans) [12] .
C. elegans is an important model organism to investigate genetic disorders and molecular mechanisms underlying the pathogenesis of several human degenerative and age-related disorders including Alzheimer's disease [13] .
Our previous initial catalytic characterization of the C. elegans DHRS4 [12] document some shared properties with the human DHRS4 [5] , such as excellent catalytic activity with the xenobiotic 9,10-PQ, a major constituent of diesel exhaust particles. Also the model substrate isatin (1H-indole-2,3-dione), an endogenous indole with reported metabolic and behavioral effects that has been detected in brain [14] , is reduced by human DHRS4, however, with lower catalytic efficiency than 9,10-PQ [5] .
To date, crystal structures are available only for the DHRS4 enzymes from pig (PDB ID: 2ZAT) and human (PDB ID: 3O4R), both of which are tetrameric enzymes. However, due to restricted solubility of the full-length proteins, both the human and pig DHRS4 protein crystals have been generated from N terminally truncated proteins.
Here, we describe the crystal structure of the fulllength recombinant C. elegans DHRS4 that was produced in E. coli. Moreover, protein stabilizing and destabilizing buffers/additives were assessed by means of protein thermal shift assay (also known as 'Thermofluor assay') and the catalytic properties of DHRS4_CAEEL were re-investigated more comprehensively using optimized buffer conditions for protein storage. We show similarities with the human enzyme but also striking differences. Interestingly, the formation of an intermolecular disulfide bridge increases the catalytic activity of DHRS4_CAEEL.
Results
Three-dimensional structure of DHRS4_CAEEL
Overall structure
The structure of DHRS4_CAEEL with its cofactor NADP(H) was solved to a maximum resolution of 1.6 A ( Table 1 ). The N-terminal 6xHis-affinity tag together with the TEV protease recognition site MGSS-HHHHHH-SGLVPRGSH and the first two amino acids MP of DHRS4_CAEEL could not be traced for model building. The amino acid residues 3-260 of the polypeptide chain and the cofactor NADP + in the cofactor binding site are well defined in the electron-density maps.
In common to other classic SDRs, DHRS4_CAEEL consists of a 7-stranded b-sheet, surrounded by three a-helices on either side (Fig. 1A) . The core is defined by a Rossmann-fold [15] , built of two babab-motifs (bA-aB-bB-aC-bC and bD-aE-bE-aF-bF). The cofactor is positioned in a deep cleft above the b-sheets. This central motif is C terminally extended through a seventh b-sheet (bG) and one a-helix (aG), separated from the Rossmann-motif through a left-handed helixturn-helix motif built out of two small helices (aFG1 und aFG2). These two helices located above the substrate-binding pocket are rather flexible and are not well defined in the electron-density distribution. The tracing of the residues within these helices was problematic which is indicated by the higher than average B-factors from residues 199 to 220. The nomenclature of secondary structure elements is according to 3a/ 20b-hydroxysteroid dehydrogenase [16] .
DHRS4 homolog of C. elegans was found to be tetrameric in solution. The asymmetric unit of the crystal structure contains two protein chains (A and B, Fig. 1B ) related by a two-fold symmetry. A homotetramer (A-B-A 0 -B 0 ) with point-group symmetry D 2 is formed by a dimer of two homo-dimers. Thus, the tetramer is formed by a crystallographic diad and the protomer A-B of the asymmetric unit. The two protein subunits of the protomer are covalently linked by a disulfide bridge formed between the two Cys5 residues (Fig. 2) .
NADP(H)-binding site
The cofactor binding site in SDR enzymes is predominantly characterized by the conserved TGXXXGXG cofactor binding motif. In DHRS4_CAEEL, the corresponding TAATKGIG segment (residues [16] [17] [18] [19] [20] [21] [22] [23] is located between the first b-strand (bA) and the first a-helix (aA). As for other SDRs with NADP(H)-dependency, an arginine residue (Arg42) is located at the C terminus of the second b-strand bB [17] . The cofactor is bound in a deep cleft and is protected against the environment through the helix aFG1.
Mapping of the substrate-binding site
The active site in SDR enzymes is characterized by the sequence motif Tyr-X-X-X-Lys, with tyrosine as the most frequently conserved and the lysine second highly conserved residue in all members of the SDR family [18] . In DHRS4_CAEEL, Tyr161 and Lys165 form the catalytic tetrad together with Asn146 and Ser148. The putative substrate-binding site is shielded against the environment via helix aFG1. For the identification of the substrate-binding site and residues interacting with the substrate, we have performed co-crystallization and crystal soaking experiments. We could identify positive electron density close to the nicotine amide moiety, which partially could be interpreted by the added substrate [2,3-butanedione (diacetyl) (Fig. 3A) and 1H-indole-2,3-dione (isatin; not shown)]. However, the diffuse electron density did not allow a doubtless positioning of the substrate. In case of isatin, it seems that the hydride transfer is most likely to the 3-position. This would be in agreement with the reported higher electrophilic propensity of the 3-position compared with the 2-position [19] . Figure 3B shows the postulated reaction mechanism for the NADPH-dependent reduction of 2,3-butanedione by DHRS4_CAEEL (please see legend for further details).
Catalytic properties of DHRS4_CAEEL compared with human DHRS4
We have previously shown that the C. elegans DHRS4 is active with typical standard substrates for carbonylreducing enzymes such as isatin, 9,10-PQ, and menadione [12] . A more detailed investigation of the biochemical properties of DHRS4_CAEEL that were performed in this study revealed that an optimal buffer for protein storage substantially improved the protein's catalytic activity. We, therefore, re-investigated the catalytic properties of DHRS4_CAEEL with a larger spectrum of test substrates including aromatic and aliphatic diketones, aliphatic aldehydes, and aromatic and aliphatic alcohols to allow for a comparison with human DHRS4 (Table 2 ).
As presented in Table 2 , the C. elegans DHRS4 displays, similar to the human DHRS4 [5] , only low activity with short-chain a-dicarbonyls. For example, diacetyl (2,3-butanedione) was a poor substrate for both enzymes; nevertheless, the K m value of the nematode enzyme was about seven-fold lower than that of 
IiðhklÞ
where I i (hkl) is the intensity of the ith individual measurement of the reflection with Miller indices hkl and <I i (hkl)> is the mean intensity of all measurements of I(hkl), calculated for I ≥ 3r(I); N is the redundancy or multiplicity of the observed reflection [42, 43] . c CC(1/2), percentage of correlation between intensities from random half datasets. Correlation significant at the 0.1% level. CC*, the CC of the full dataset against the true intensities [41] .
where F obs and F calc are the observed and calculated structure-factor amplitudes, respectively. e R free is equivalent to R cryst but calculated with reflections (5%) omitted from the refinement process [44, 45] . f Calculated based on a Luzzati plot using the program SFCHECK [46] . The residues Asp208-A and Ile216-A of 5OJG are part of the very flexible alpha helix aFG1/2. This part of the protein is not very well defined by electron density. The residue Ala147-A of 5OJI is positioned in very well-defined electron density. The residues Asp208-B, Ile216-A, and Glu218-A of 5OJG are part of the very flexible alpha helix aFG1/2. This part of the protein is not very well defined by electron density.
the human enzyme (7.8 mM vs. 54 mM). Also, the catalytic efficiency (k cat /K m ) for diacetyl was 14 times greater compared with that of human DHRS4. The aliphatic non-a-diketone 3,5-pentanedione was only slowly reduced by DHRS4_CAEEL with a poor maximum reaction velocity
Another shared catalytic property between the human and C. elegans DHRS4 is the high catalytic efficiency for the reduction of aromatic dicarbonyls including isatin, 1,4-naphthoquinone (1,4-NQ), and 9,10-PQ. The C. elegans enzyme even displayed a 90-fold increased catalytic efficiency (k cat /K m ) toward isatin (9.0 vs. 0. compared with human DHRS4. Moreover, 1,2-substituted aromatic dicarbonyls (e.g. isatin, 9,10-PQ) are better substrates than 1,4-substituted aromatic dicarbonyls such as the paraquinones 1,4-NQ and juglone (5-hydroxy-1,4-NQ), which both showed only low catalytic efficiencies
A substrate screening with DHRS4_CAEEL revealed that this enzyme also functions as a NADP + -dependent dehydrogenase: it can oxidize aromatic alcohols such as 1-indanol (R-and S-enantiomer) and 1,2,3,4-tetrahydro-1-naphthol, just like the human DHRS4, but is inactive with 2,3-butanediol, acetoin, and hydroquinone (Table 3) .
Also no activity was observed with steroid hormones such as testosterone (C-3 ketosteroid) and the glucocorticoid pregnenolone (which has keto-functions at positions C-3, C-11, and C-20).
In contrast to the human enzyme, the nematode DHRS4 is active with aliphatic aldehydes such as lipid peroxidation products 4-ONE [12] and trans-2-hexenal (this study), as well as with the saturated aldehydes hexanal (Table 2 ) and octanal (Table 3) . Conversely, no reductase activity was detected with the triose glyceraldehyde.
As expected from the catalytic activity with aliphatic aldehydes (e.g. 4-ONE, octanal), DHRS4_CAEEL also reduces all-trans-retinal (Table 3) , which is another shared property between the human and nematode enzyme. The dehydrogenase activity with retinol was below detectable levels.
Thermofluor assay and effect of buffers and additives on catalytic activity of DHRS4_CAEEL
The Thermofluor assay (also known as Thermoshift assay or differential scanning fluorimetry) is a fluorescence-based high-throughput approach allowing for the simultaneous screening for stabilizing or destabilizing buffer/salt conditions in a 96-well format (for details, see [20] ). A widespread application of this assay is the identification of favorable conditions for protein storage, protein crystallization experiments and to optimize protein purification procedures [21] . While stabilizing conditions would increase the thermal protein stability (i.e. resulting in a positive shift of the melting temperature, Tm, compared with control), destabilizing conditions would result in a negative shift of Tm (i.e. lower melting temperature). Tm is defined as the midpoint of the unfolding transition of the protein, at which 50% of the protein is molten. To identify buffer conditions allowing for optimal protein stability during storage, DHRS4_CAEEL was analyzed by means of the Thermofluor assay.
In Fig. 4 , the result of the buffer-screen is presented for three buffers with almost equal pH values to demonstrate that thermal protein stability not only depends on pH value but also often on the buffering agent (sulfonic acids vs. salts of inorganic acids). The greatest increase in thermal protein stability was observed with a phosphate buffer. For example, 50 mM Bis-tris buffer, pH 7.0 resulted in a positive shift of TmD of +2.5 K, whereas 100 mM potassium phosphate buffer, pH 7.5, led to a further thermal stabilization (dTmD = +5 K; see Fig. 4 ).
The melting curve shows two transition states: further evidence for an oligomeric structure Proteins composed of one structural domain typically display sigmoidal melting curves in the Thermofluor assay; an exponential increase in fluorescence is observed when the protein completely unfolds, so that the hydrophobic core of the protein is exposed and the fluorescence dye can bind to it.
Interestingly, the melting curve of the C. elegans DHRS4 displayed two thermal transition states, the first at a temperature of 41°C and the second at around 75-77°C. This is usually observed if the protein is composed of structurally different domains or has an oligomeric character, which is consistent with our results: both the size-exclusion chromatography and the X-ray analysis of the protein crystal provide evidence for a tetrameric structure of DHRS4_CAEEL. By contrast, monomeric proteins that contain no intermolecular disulfide bonds such as human carbonyl reductase 1 (CBR1) or CBR3 show a sigmoidal and monophasic melting profile in the thermofluor experiment (Fig. 5) .
Moreover, binding of both NADPH (not shown) and NADP + resulted in a positive shift in Tm of the first melting peak of more than 4 K; binding of the weak substrate 2,3-heptanedione provoked an additional thermal stabilization of 2 K (Fig. 6 ). The second melting peak was neither affected by NADP nor substrate.
Reducing agent DTT alters the melting profile of DHRS4_CAEEL
The crystal structure of the C. elegans DHRS4 revealed the existence of an intermolecular disulfide bridge that is formed between cysteine residues located at the N terminus (Cys5) of two protein subunits related by a twofold symmetry. Therefore, it was interesting to test whether reducing agents like dithiothreitol (DTT) or TCEP (tris [2-carboxyethyl] phosphine) would affect the melting profile of the protein by cleaving the disulfide bond. After incubation of the protein with DTT (2.5 mM or 5 mM; either overnight on ice or for 15 min at room temperature in the assay plate), only the first thermal transition at around 40°C remained (Fig. 7A) . Similar results were observed with 10 mM DTT and 5 mM TCEP (data not shown). Moreover, protein that was produced in E. coli Origami TM cells to increase the yield of disulfide bonds displayed a stronger second melting peak than that produced in BL21(DE3) cells (Fig. 7A) . This is consistent with the results obtained by SDS/PAGE shown in Fig. 5 (see following section) . Thus, the second peak at over 75°C must be associated with an intact disulfide bridge. An illustration of the proposed mechanism of the thermal dissociation of DHRS4_CAEEL is presented in Fig. 7B .
Indeed, disulfide bridges are known to increase the overall thermal stability of proteins [22] [23] [24] . It has been reported that not only peptide bonds but also disulfide bridges do not resist temperatures of more than 80°C. Therefore, the second thermal transition may be well explained by a thermal cleavage of this covalent bond. Parameters that affect the formation of intermolecular disulfide bonds of DHRS4_CAEEL Both E. coli host cells used for the production of recombinant enzyme and storage conditions had an effect on the amount of intermolecular disulfide bonds formed in DHRS4_CAEEL.
As noted above, SDS/PAGE analysis of protein produced in Origami TM cells show a larger amount of protein dimers than protein expressed in E. coli BL21 (DE3) cells (Fig. 8 ). However, it should be pointed out that this was only observed in freshly purified protein (short-term storage < 48 h on ice). In contrast, when the proteins were snap frozen and stored at À80°C, no difference in the ratio of monomers to dimers could be observed between protein produced in Origami TM cells or BL21 cells (Fig. 8) . So, disulfide bonds between two monomers are also formed by autoxidation. SDS/PAGE and western blotting showed that treatment with DTT completely cleaved those dimers (Fig. 8) .
Moreover, the freezing process obviously contributes to the formation of additional oligomers of DHRS4_CAEEL (tetramers, octamers), as high molecular weight bands appeared on SDS gels (not shown), which were verified as immunoreactive protein by western blotting (Fig. 9) . Postulated reaction mechanism for DHRS4_CAEEL for the reduction of 2,3-butanedione in accordance to the general reaction scheme [31] . A charge relay system is formed by a hydrogen-bond network involving Tyr161-OH, the 2 0 -OH group of the nicotinamide connected ribose moiety, Lys165-NH 3 + , Asn146-OD1, Asn146-O, and a well-conserved water molecule. Catalysis is initiated by proton transfer from the secondary hydroxyl group of the substrate onto Tyr161-OH followed by a hydride transfer to the nicotinamide ring C4 atom. The proton from the secondary hydroxyl group is transmitted to the solvent via the hydrogen network.
Reducing agent DTT does not affect the tetrameric structure
Interestingly, this disulfide bond between two subunits is not essential for the formation and maintenance of the tetrameric structure of DHRS4_CAEEL: protein incubated with DTT still behaved as a tetramer in gel size-exclusion chromatography. The molecular weight of the tetrameric form of DHRS4_CAEEL was determined to be 120 kDa, which is consistent with the expected size of the monomer (including His-tag) of 29 kDa.
Effect of DTT on the catalytic properties of DHRS4_CAEEL
Dithiothreitol-treatment markedly increased V max values (1.3-fold) and at the same time decreased the substrate affinity of DHRS4_CAEEL toward 2,3-heptanedione ( Table 4 ). The disulfide bond possibly provides an additional stabilization of the structure so that the reaction product is released more quickly from the substrate-binding pocket. Thus, loss of the disulfide bond increases the dynamic freedom of the protein chains, leading to an increase of the V max value. At the same time, the geometry of the substratebinding cleft is partially lost, which increases the dissociation constant (K d ) of the reaction product from the enzyme.
Effect of salt (NaCl) on the melting profile of DHRS4_CAEEL
It is well known that the ionic strength of protein buffers affects protein stability and as a consequence, the catalytic activity of enzymes. Interestingly, we have observed a decrease in the catalytic activity of DHRS4_CAEEL in the presence of salt (NaCl). Therefore, we investigated the effect of increasing concentrations of NaCl on the thermal stability of DHRS4_CAEEL (Thermofluor assay). Since the catalytic activity decreased with raising NaCl concentrations (please see below), the melting profile of the protein suggests that the catalytic activity is associated with a structure that produces the first melting peak at % 40°C (Fig. 10 ). Protein treated with 200 mM NaCl still shows two distinct melting peaks, but the first peak almost completely disappeared when the protein is incubated with 800 mM NaCl (Fig. 10) . Interestingly, with increasing NaCl concentrations, a positive thermal shift of the second melting peak (i.e. representing the S-S-bond between two subunits) was Table 2 . Catalytic parameters of DHRS4_CAEEL for aliphatic and aromatic dicarbonyls compared to the human enzyme. Catalytic parameters for human DHRS4 were taken from [5] . DHRS4_CAEEL was re-buffered in 500 mM potassium phosphate, pH 7.4, unless otherwise stated. All standard deviations were less than 15% (except that for 2,3-heptanedione).
b
This protein was stored in 20 mM potassium phosphate, 250 mM NaCl, pH 7.4.
c Kinetic constants for NADPH were determined with 2,3-heptanedione (0.5 mM) as a substrate. The assay buffer was 100 mM potassium phosphate buffer, pH 7.4 (i.e. assay buffer and enzyme buffer sum up to a final concentration of 10 mM potassium phosphate in each reaction mixture).
detected, which was % 6 K between protein incubated in water and protein treated with the highest concentration of NaCl, 1000 mM (77°C vs. 83°C). Water molecules are usually an integral part of the protein structure and stabilize the structure by forming hydrogen bonds and by bridging different functional groups within the protein. Also, the hydrophilic surface of a protein is generally covered with water molecules ('hydration shell'), which can be disturbed by the addition of salt ions. Possibly, high ionic strength increases electrostatic interactions between salt ions and charged amino acid residues and at the same time decreases protein flexibility by displacing water molecules. Thus, more energy has to be afforded for protein unfolding. This obviously results in a stabilization of the disulfide bridge between two monomeric subunits, explaining the observed increase in the thermal stability of the second melting peak of DHRS4_CAEEL in the presence of high concentrations of NaCl.
Effect of sodium chloride and imidazole on the catalytic activity of DHRS4_CAEEL
To investigate, whether the observed differences in the thermal protein stability would translate into altered To obtain a monophasic melting profile, the protein was pre-incubated in 5 mM reducing agent dithiothreitol (DTT; overnight on ice). Compared with protein solved in water, the greatest shift in the melting temperature (TmD, indicated by vertical lines in the lower panel, the derivative plot) was detected with potassium phosphate buffer, pH 7.5 ('K-phosphate'). The buffer concentrations was 50 mM for both Bis-tris and PIPES, and 100 mM for potassium phosphate buffer. TmD refers to the derivative method in which the first derivative of the melt curve is used to determine Tm. enzymatic properties, the catalytic activity of DHRS4_CAEEL was assayed in the presence of increasing concentrations of sodium chloride or imidazole. Moreover, the protein stability (activity) in the optimal buffer was monitored over the course of 9 days. Our results show that the activity of DHRS4_CAEEL constantly declined with increasing concentrations of NaCl, with only 40% of remaining activity at 500 mM NaCl, a concentration, which is used in the protein purification buffer. At the highest NaCl concentration tested (1 M), only 10% residual protein activity could be detected (Fig. 11A) . Possible explanations of this reduced activity by high salt concentrations might be the decreased protein flexibility, which slows down both the binding of substrate and NADPH and release of the reaction product. Likewise, through electrostatic interactions, a high NaCl content in the reaction buffer may also hinder the access of NADPH to the substrate-binding cleft or accelerate the dissociation of NADPH from the enzyme-substrate complex.
Consistent with our observation that the freshly purified protein lost activity when stored in purification buffer (which contains both NaCl and 500 mM imidazole), together with the decreased thermal protein stability (Thermofluor assay), the catalytic activity of DHRS4_CAEEL was clearly reduced in the presence of imidazole. Incubation in 500 mM imidazole led to a substantial loss (61% vs. control) of enzyme activity toward 2,3-heptanedione (Fig. 11B) .
Effects of buffer components on catalytic activity of DHRS4_CAEEL
A potassium phosphate buffer (500 mM potassium phosphate, pH 7.4) had the most pronounced positive effect on the catalytic activity of DHRS4_CAEEL: the velocity (V max ) for the reduction of 9,10-PQ increased after incubation of the enzyme in this buffer about 2-fold compared with enzyme that was incubated in 20 mM potassium phosphate, 250 mM NaCl, pH 7.4 (Fig. 12) . As shown in Table 2 , the substrate affinity (K m ) was not affected. It should be noted that this 'activating buffer' enabled us to measure catalytic activities of even poor substrates. Moreover, due to this increased activity, the protein had to be diluted up to 400 times to be able to determine the initial velocity. So, the assay mixture contained only 2.5 pmol or 70 ng protein.
As DHRS4_CAEEL was unstable in protein purification ( € Akta) buffer, we next tested the effect of this 'activating buffer' (500 mM potassium phosphate, pH 7.4) on protein stability (Fig. 13) . DHRS4_CAEEL was produced in E. coli BL21(DE3) cells, and after purification, the buffer was exchanged for 500 mM potassium phosphate buffer, pH 7.4. Several aliquots were stored on ice and the catalytic activity was recorded in the course of 9 days. Unexpectedly, the catalytic activity of DHRS4_CAEEL toward 2,3-heptanedione constantly increased from day 1 (76.4 lmol 9 mg À1 9 min À1 ) through day 8 (272.2 lmol 9 mg À1 9 min À1 ), which was more than a three-fold increase (day 1 vs. day 8). After 9 days of storage on ice, the activity dropped (150 lmol 9 mg À1 9 min À 1) to a level comparable to that observed on day 2 (Fig. 13) . A plausible explanation of this effect is that over time, the portion of protein homo-dimers that are linked via disulfide bridges increases by oxygen from ambient air (autoxidation), and 'oxidized,' disulfide bridges-containing protein displays a greater catalytic activity. This is in agreement with the fact that treatment of DHRS4_CAEEL with reducing agent DTT (that cleaves disulfide bridges) resulted in a decreased catalytic activity of the enzyme (please refer to Table 4 ).
Discussion

Significance of the disulfide bridge in DHRS4_CAEEL
In this study, we report the crystal structure of a DHRS4 homolog from C. elegans.
In contrast to structures of the DHRS4 enzymes from human (PDB ID: 3O4R) and pig (PDB ID: 2ZAT), both of which derived from truncated proteins, the C. elegans DHRS4 structure could be obtained from a full-length protein. This might be especially important with regard to the cysteine residue located at the N terminus, because we identified this amino acid (Cys5) to be responsible for the formation of a disulfide bridge between two subunits, linking them to form a dimer, which then associates to a tetrameric structure. The formation of a homotetramer is a common characteristic among all DHRS4 enzymes described to date (e.g. enzymes from human, pig, dog, rabbit, and rat). Both the DHRS4 orthologs from human and pig contain also an N terminally located cysteine (Cys10), but as in both cases truncated proteins were used to generate the protein crystals [25] , an intermolecular disulfide bridge could not be detected. The kinetic parameters were determined on a multiwell plate reader in a 96-well format (200 lL assay volume). Absolute values (V max and K m ) differ from those determined in the UV/VIS photometer (800-lL assay volume). However, the ratio k cat /K m is in agreement with that shown in Table 2 .
So, this raises the question, whether a disulfide bridge would also link two monomeric subunits in these proteins, and if so, which biochemical properties/physiologic function would result from this structural feature? Interestingly, our analyses show that this covalent bond between two monomeric subunits of DHRS4_CAEEL is not essential for the formation of a tetramer. Also of note, while the substrate affinity (K m value) is the same in protein with or without disulfide bridges, the catalytic activity (V max ) clearly increased in oxidized (disulfide bond-linked) enzyme. Thus, oxidation of the protein results in an augmentation of the turnover number.
As disulfide bonds usually contribute to an additional stabilization of the protein structure [26] , it also may function to increase the thermal stability of DHRS4_CAEEL. A further reported function of disulfide bonds is that they help to prevent the dysfunctional association of proteins which easily form disulfide bonds with free thiol groups in neighboring peptide chains [27] .
However, based on our current knowledge, an explanation of the physiologic function of this intermolecular disulfide bridge is only speculative. Whether it is associated in the worm's adaptation to unfavorable environments that is accompanied by the formation of a long-lived stress resistant stage, called 'dauer diapause,' needs to be investigated. Also, because the intracellular milieu is usually highly reductive, this raises the question of whether such disulfide bonds would occur in vivo too, or whether this is an artifact of recombinant protein that is exposed to atmospheric oxygen.
Differences and commonalities with human DHRS4
Ineffective scavenging of reactive oxygen species (ROS) results in an overabundance of carbonyl compounds that can promote aging processes and contribute to degenerative diseases [28, 29] . ROS can With increasing concentrations of sodium chloride (NaCl), the fluorescence signal at the first thermal transition (Tm % 40°C) constantly decreases, while the second melting peak is clearly shifted toward higher temperatures (TmD water = 77.0°C; TmD 400 mM NaCl = 78.5°C; TmD 600 mM NaCl = 80.5°C; TmD 800 mM NaCl = 83°C). This is a temperature shift (dTmD) of % 6 K between control sample and protein incubated in 800 mM NaCl.
(Please note that all samples contain a final concentration of 50 mM potassium phosphate buffer, pH 7.4 from the protein storage buffer). trigger the peroxidation of membrane lipids, releasing highly reactive carbonyl compounds such as a,b-unsaturated aldehydes [30] . Interestingly, the DHRS4 homolog from C. elegans shows activity with the lipid peroxidation product 4-ONE, suggesting a function in the defense against oxidative stress [12] . Moreover, the lack of activity of the human enzyme toward aliphatic aldehydes and the low but detectable activity of the nematode DHRS4 with hexanal, trans-2-hexenal, and octanal suggests that one of the 'original functions' of this protein in primitive lineages such as nematodes could be the detoxification of endogenous lipid-derived aldehydes. The fact that the C. elegans DHRS4 showed no detectable activity with steroid hormones, which are substrates for the human enzyme, indicates that during the course of evolution, both proteins acquired a distinct substrate spectrum with respect to endogenous signaling molecules while retaining an overlapping substrate spectrum for xenobiotics such as aromatic dicarbonyls. A pairwise structure-based sequence alignment of both human and C. elegans DHRS4 revealed a sequence identity of about 42%. Highly conserved amino acids NSYK, which are characteristic for the SDR 'catalytic tetrad,' constitute the catalytic center of DHRS4_CAEEL (N-99, S-148, Y-161, and K-165). Moreover, the amino acids P-191 and G-192 represent the conserved PG-motif, another characteristic of SDR proteins [31] .
Also, L-193, I-194, S-199, and L-202 are further conserved amino acids surrounding the catalytic pocket in the proximity of 6 A of the substrate. However, from the experimental data presently available, an assignment of a certain catalytic property to individual amino acid residues of DHRS4_CAEEL in comparison to human DHRS4 cannot be done with certainty.
C. elegans contains a further DHRS4 homolog
It has been recently reported that DHRS4 and a closely related gene, DHRS2, originate from a gene duplication event that occurred before the emergence of mammalian species [32] . Thus, all model species including rat, mouse, pig, dog, and others contain genes for both DHRS4 and DHRS2. It should be pointed out that in C. elegans, apart from the protein described herein, a second, closely related protein exists (UniProtKB ID: O16619_CAEEL, gene name: dhs-13). To date, the catalytic properties of the O16619_CAEEL in C. elegans are unknown. We have cloned this protein as well, but our attempt to generate soluble protein, even from a truncated form, was unsuccessful. Further strategies are needed (e.g. expression in eukaryotic systems) to improve protein solubility.
The protein investigated in this study was recently annotated as 'DHRS4_CAEEL' in the UniProtKB **** **** **** **** **** **** Fig. 13 . Effect of storage buffer on catalytic activity of DHRS4_CAEEL. After FPLC purification, the enzyme was rebuffered in 500 mM potassium phosphate, pH 7.4 and stored on ice. The catalytic activity toward 2,3-heptanedione was monitored over the course of 9 days (means AE SD of n = 3 experiments). Asterisks indicate statistically significant differences compared with day 1. (****P < 0.0001; One-way ANOVA; Dunnett's multiple comparisons test).
database, although it might be also a homolog of DHRS2; based on sequence similarity, an unequivocal assignment to either DHRS4 or DHRS2 was not possible as we have discussed elsewhere [12] . In summary, in this study, we present the first crystal structure of a DHRS4 homolog from an invertebrate model organism, C. elegans. We also show the dependency of its catalytic activity on factors destabilizing its quaternary structure. Our results may allow for comparisons of DHRS4 proteins among species from different evolutionary levels and contribute to our understanding of the function of DHRS4 proteins in simple lineages such as C. elegans.
Materials and methods
Chemical and kits
Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), isopropyl b-D-1-thiogalactopyranoside (IPTG), reduced nicotinamide-adenine dinucleotide phosphate (NADPH), its corresponding oxidized form (NADP + ) and test substrates were obtained from Sigma-Aldrich (Munich, Germany) and Alfa Aesar (Thermo Fisher, Karlsruhe, Germany). All other buffer reagents were from Carl Roth GmbH, Karlsruhe, Germany. Crystallization kits were purchased from Qiagen (Hilden, Germany).
Expression and purification of recombinant protein
Recombinant C. elegans DHRS4 was produced as described previously [12] . In brief, a bacterial expression vector (pET28b, Novagen, with modified thrombin cleavage site that was exchanged for a TEV cleavage site) harboring the C. elegans DHRS4 gene was transformed into E. coli host cells (either BL21 [DE3] pLys or Origami TM , Novagen, Darmstadt, Germany) and incubated in 200 mL of LB-medium containing 100 lgÁmL À1 ampicillin at 18°C. When the optical density at 600 nm (OD600) reached 0.6, the protein expression was induced by adding IPTG to a final concentration of 1 mM. E. coli cells were harvested 18 h after induction by centrifugation (3000 9 g for 15 min), treated with lysis buffer on ice, and disrupted by ultrasound on ice. The 100 000 9 g supernatant was purified by nickel-affinity chromatography using an € Akta purifier FPLC system equipped with a HisTrap HP column (1 mL, GE Healthcare, Freiburg, Germany). After purification, the protein was re-buffered in a stabilizing buffer (500 mM potassium phosphate, pH 7,4), and aliquots were flash frozen in liquid nitrogen and stored at À80°C. Protein concentrations were determined according to the Bradford protocol with bovine serum albumin as standard. Protein purity was checked by sodium dodecyl sulfate (SDS) gel electrophoresis.
SDS/PAGE
Proteins were separated on 4-12% acrylamide (TruPAGE Bis-Tris gels; Sigma-Aldrich, Munich, Germany) without reducing agents in running buffer and sample buffer (to preserve the formed intermolecular disulfide bonds) and stained with Coomassie Blue. 
Western blotting
Size-exclusion chromatography
Size-exclusion chromatography (SEC) was performed on a HiLoad 16/600 Superdex 200 pg column (GE healthcare) in 50 mM potassium phosphate buffer containing 250 mM NaCl, pH 7.4. A protein marker kit (low molecular weight calibration kit; GE healthcare) was used as molecular mass standards.
Crystallization
The hanging-drop, vapor-diffusion method was used for protein crystallization. The droplets contained 1.5 lL of protein (3 mgÁmL À1 ), 1 lL NADPH (1.7 mgÁmL À1 ), and 1.5 lL of reservoir solution. Protein crystals were obtained after approximately 7 days at 18°C from 10% (w/v) polyethylene glycol 8000, 200 mM NaCl in 100 mM potassium/ sodium phosphate buffer, and pH 6.2.
Data collection
Diffraction data were collected at beam line P14 (EMBL, DESY PETRA III, Hamburg, Germany) by using a Pilatus 6 M-F detector. X-ray diffraction was performed at a temperature of 100 K. The collected diffraction data were indexed, integrated, and scaled using XDS/XSCALE [33, 34] .
Structure determination, interpretation, and representation
The structure of DHRS4_CAEEL was solved via molecular replacement using the software MOLREP [35] as implemented within the CCP4 program suite [36] . The search model for MR was built by the PHYRE server [37] using the SDR structure of the human DHRS4 as template [PDB ID: 3O4R, 47% sequence identity (no associated publication)]. Prior to the MR search, the cofactor and solvent molecules were removed from the search model. The DHRS4_CAEEL model was iteratively completed by alternating refinement steps with REFMAC5 [38] of the CCP4 program package and the software package PHENIX [39] . The model to data fit was verified and improved by manual inspection and modification by using the program COOT [40] and judging the CC", CC*, CC work , and CC free coefficients, respectively [41] . The search and incorporation of water molecules and the soaked ligand was performed after the correction of the protein chain was finished and the cofactor NADP(H) was well positioned. The refined model from the crystal of DHRS4_CAEEL soaked with diacetyl ( Table 1 , structure A) was used as a starting model for structure determination of DHRS4_CAEEL soaked with isatin (Table 1 , structure B) by using the same procedure as described above. Structural representations were generated using the graphic program PyMOL v.1.6 (DeLano, 2002, www.pymol.org).
Substrate screening and enzyme kinetics
Enzyme kinetics were determined by measuring the consumption of the cofactor NADPH by the decrease of light absorption at 340 nm. The standard reaction mixture consisted of substrate, 100 lM NADPH, 10 mM potassium phosphate, pH 7.4 and enzyme (maximal 70 ng final concentration, equal to 2.5 pmol protein) in a total volume of 800 lL. The reactions were performed at a constant temperature of 25°C and were started by addition of enzyme. Kinetic constants were calculated with the program GraphPad Prism (version 6) using the nonlinear regression dialog. Experiments were performed at least in triplicates. Catalytic constants for NADPH were determined with 2,3-heptanedione (0.5 mM) as a substrate.
Protein Thermal Shift Assay (Thermofluor)
The Thermofluor assay mixture contained buffers, SYPRO Ò orange dye (5 9 final concentration; Thermo fisher scientific) and 2.8-0.3 lg of protein in a final volume of 20 lL.
In a real-time PCR instrument (7500 Fast System, Thermo fisher scientific), the samples were heated from 25°C to 95°C at a constant rate of 1°C min À1 and the increase in fluorescence was recorded using TAMRA or ROX filter sets. Assay mixtures containing water instead of buffer/additives served as controls. Melting temperatures (TmB = Tm Boltzmann or TmD = Tm derivative) were calculated with the Protein Thermal Shift TM software (Life Technologies). Positive shifts in melting temperatures (dTm = Tm control À Tm buffer) indicate stabilizing conditions, while negative shifts indicate destabilizing conditions. A dTm ≥ 2 K is considered significant. Assays were performed in triplicates or repeated at several occasions with different protein preparations with comparable results.
